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Abstract

Gasoline consists of many different classes of hydrocarbons, such as paraffins, olefins, aromatics, and cycloalkanes. In this
study, a surrogate gasoline reaction mechanism is developed, and it has one representative fuel constituent from each of these
classes. These selected constituents are iso-octane, n-heptane, 1-pentene, toluene, and methyl-cyclohexane. The mechanism
was developed in a step-wise fashion, adding submechanisms to treat each fuel component. Reactions important for low
temperature oxidation (<1000K) and cross-reactions among different fuels are incorporated into the mechanism. The
mechanism consists of 1214 species and 5401 reactions. A single-zone engine model is used to evaluate how well the
mechanism captures autoignition behavior for conditions corresponding to homogeneous charge compression ignition
(HCCI) engine operation. Experimental data are available for both how the combustion phasing changes with fueling at a
constant intake temperature, and also how the intake temperature has to be changed with pressure in order to maintain
combustion phasing for a fixed equivalence ratio. Three different surrogate fuel mixtures are used for the modeling.
Predictions are in reasonably good agreement with the engine data. In addition, the heat release rate is calculated and
compared to the data from experiments. The model predicts less low-temperature heat release than that measured. It is found
that the low temperature heat-release rate depends strongly on engine speed, reactions of RO,+HO,, fuel composition, and

pressure boost.

Introduction

The homogeneous charge compression ignition
(HCCI) combustion process is capable of providing both
good fuel economy and very low NOx and particulate
emissions. Therefore, substantial efforts are being made
to develop HCCI as a high-efficiency alternative to spark-
ignited (SI) gasoline operation and as a low-emissions
alternative to traditional diesel compression ignition (CI)
combustion. However, several technical hurdles still
hinder widespread application of HCCI. Among these,
controlling the combustion phasing during changes to the
engine load and speed continues to be a major issue. The
time of ignition in an HCCI engine is controlled by the
autoignition of the fuel. The fuel is premixed with air and
this mixture autoignites due to compressive heating. The
autoignition is dominated by the kinetics of the fuel.
Therefore, it is most important to understand the fuel
chemistry that governs the engine performance. The
autoignition kinetics change with equivalence ratio of the
supplied fuel-air mixture, speed of the engine, boost
pressure, and intake temperature. A smooth performance
of the engine demands that the ignition occurs at the
correct crank angle. Too early ignition can advance the
combustion to the point of excessive pressure-rise rates
and knock. Too late ignition can lead to quenching of the

* Corresponding author: pitz1@lInl.gov

combustion due to piston expansion. Since gasoline is
widely available, it is an attractive fuel-candidate for use
in HCCI engines.

The present study is motivated by the need to
understand the autoignition kinetics of gasoline. Since
gasoline consists of numerous components, it is not
feasible to incorporate the chemistry of all the
components in the modeling. Therefore, surrogate fuels
that describe the behavior of gasoline are required.
Surrogate fuels might also be helpful to identify how the
currently available gasoline blends might be reformulated
to better facilitate future implementation of HCCI in
production engines.

The goals of this study are 1) propose surrogate fuel
mixtures to represent ignition behavior of gasoline, 2)
develop a detailed kinetic mechanism for oxidation of
these fuels, and 3) validate the mechanism against
experimental data from the Sandia HCCI engine.

Proceedings of the Joint Meeting of the U.S. Sections of The Combustion Institute, March 2005



Surrogate fuel mixtures for gasoline

Gasoline consists of hundreds of chemical species.
The identity and amount of each species varies depending
on date and geographical location where the gasoline was
obtained. A chemical kinetic mechanism that would
represent the oxidation of all these species with
accompanying chemical reactions is intractable with
current computational capabilities, chemical knowledge
and manpower resources. These limitations require the
use of surrogates for practical fuels like gasoline, diesel
and aviation fuels. A surrogate fuel model consists of a
small number of fuel components that can be used to
represent the practical fuel and still predict desired
characteristics of the practical fuel. In this study, we have
chosen a fuel surrogate that has a single component to
represent each class of hydrocarbons in gasoline so that
the unique molecular structure of each class is
represented. It is desired that this strategy will lead to
reliable predictions of many of the combustion properties
of the practical fuel. Gasoline consists of many different
classes of hydrocarbons including 4-8% alkanes, 2-5%
alkenes, 25-40% iso-alkanes, 3-7% cycloalkanes, 1-4%
cycloalkenes, and 20-50% total aromatics by volume [1].
We have selected a representative fuel component for
each class of hydrocarbons. We selected n-heptane to
represent the n-alkane class, iso-octane to represent the
iso-alkane class, methyl-cyclohexane to represent
cycloalkane class, toluene to represent the aromatics
class, and 1-pentene to represent the alkene class. Due to
the small amount of cycloalkenes in gasoline, a
representative fuel is not considered at this point to avoid
the added complexity of the kinetic modeling.

Three surrogate fuel mixtures for gasoline are
proposed. Their composition is shown in Table 1. Molar
composition and octane numbers of the proposed
surrogate fuel mixtures for gasoline.

. The mixture 1 consists of five components to
represent the different classes of hydrocarbons in
gasoline. Its Research Octane Number (RON) and Motor
Octane Number (MON) are slightly higher than that of a
typical gasoline of 90.8 and 83.4 respectively. The
calculated linear octane numbers are based on linear
mixing using the octane number of the neat fuel
component (sum of fuel mole fraction x octane number of
neat fuel). Blend octane numbers for the neat fuel are
based on measurements by blending 20 vol. % of the
specific hydrocarbon in 80 vol. % of a 60/40 iso-octane/n-
heptane mixture [2]. The octane numbers for surrogate
fuel mixtures based on blend octane numbers are an
alternative indicator of the autoignition properties.
Mixture 2 and 3 were developed to have the RON and
MON closer to that of a typical gasoline. For these
mixtures, the  amounts of  n-heptane and
methylcyclohexane (MCH) are in different quantities, and
1-pentene is not included.

Mechanism development

Detailed kinetic mechanisms were used to represent
each component in the surrogate fuel mixture. The
mechanism was built in a step-wise fashion with species
and reactions needed to address each fuel component
added in sequence. The mechanisms for primary reference
fuels (PRF) iso-octane and n-heptane were used as a
starting point [3, 4, 5]. This mechanism already includes
the reactions of 1-pentene. Reactions and species needed
to address the oxidation of toluene where added from a
mechanism developed by Pitz et al. [6]. The sub-
mechanism for methylcyclohexane (MCH) was obtained
from a recently developed mechanism by Orme et al. [7].
This mechanism addresses the high temperature, but not
the low temperature, oxidation of MCH.

In this work, low temperature kinetics for oxidation
of MCH has been developed and incorporated in the
mechanism. This mechanism considers the low
temperature kinetics scheme given as,

R+===RO,+= R-O0H ===+.00RO0OH
l
OROOH + OH

\)
ORO- + OH

Here Re is the parent radical from MCH. Additional
reactions of RO,e and alkoxy species are also included.
Due to space constraint, this mechanism is not described
in detail.

Cross-reactions of the species in the base PRF
mechanism and the sub-mechanisms for toluene and
MCH were incorporated. These reactions mainly consist
of the hydrogen abstraction reactions. For example,
phenyl is a major radical produced from the oxidation of
toluene. This phenyl radical can also abstract hydrogen
from the other fuels and their products. All of these
reactions were incorporated in the mechanism developed.
In addition, reactions for abstraction by RO,e radicals
from parent fuels were included, since they are very
important for low temperature oxidation and autoignition
kinetics. Also, the reactions of RO,e + RO,e (including
various R groups) were included in the mechanism.
Olefins and allylic radicals can be produced in high
amounts during the oxidation of alkanes at low
temperatures (below 1000K). Therefore, the abstraction
reactions by allylic radicals from olefins were included in
the mechanism. The rate coefficients assignments for
these reactions were based on rate rules developed by
Curran et al. [3, 5]. Rate rules were developed for the
reactions where they were not available. These rate rules
are shown in Table 2.



Table 1. Molar composition and octane numbers of the
proposed surrogate fuel mixtures for gasoline.

% molar composition | Mixture 1 [ Mixture 2 | Mixture 3
iso-Octane 60 40 40
n-Heptane 8 10 20
Toluene 20 10 10
Methyl cyclohexane 8 40 30
1-Pentene 4 0 0
RON (linear) 93.7 81.7 83.7
MON (linear) 90.6 79.3 79.8
RON (blend) 99.2 94 87.6
MON (blend) 94.5 84.8 82

Table 2. Rate coefficients for reactions in the mechanism that were not available from Curran et al.

A n Ea

Abstraction by primary allylic radical from olefin
Olefin + CsH7 = Alkenyl + CsHg 1.00E+11 0 16000
Olefin + CsHg = Alkenyl + CsHqo 1.00E+11 0 16000
Abstraction by secondary allylic radical from olefin
Olefin + C,H;CHCHO = Alkenyl + C,H;CH,CHO  2.86E+10 0 18000
Abstraction by benzyl radical from olefin
Olefin + C¢HsCH, = Alkenyl + CgHsCH3 1.00E+11 0 17000
Abstraction by generic RO, radical
RO, + CH,0 = ROOH + HCO 1.00E+12 0 9000
RO, + C¢HsCHO = ROOH + C¢HsC-O 3.00E+12 0 9000
RO, + H,0, = ROOH + HO, 1.32E+04 2.5 9560

(Rate expression is per H abstractable, cm>-mol-sec-cal units)

Modeling an HCCI engine

The experiments on HCCI engine were performed at
Sandia National Laboratories, Livermore, California. The
setup is described in previous publications [8, 9]. In brief,
the engine is operated with a lean well-mixed charge of
fuel and air. For these tests, the equivalence ratio (¢)
ranged from 0.08 to 0.30. An alternate firing method
(fire19/1) was used to keep the heat transfer and residuals
constant for all the data points, as described in Refs. [9]
and [10]. The amount of residuals in the engines is less
than 5 vol. % and consists mainly of combustion products,
CO,, H,O, O,, and N,. Therefore, residuals are not
expected to have significant impact on the data, as shown
in Ref. [10].

The engine has an effective compression ratio (CR)
of 16.7:1, based on Wave-modeling [10]. This is the CR
used for the modeling in the current work as well. Due to
the large size of the mechanism (1328 species and 5695
reactions), long computational times are required when a
multidimensional reacting-flow computer program is used
to model the in-cylinder processes of HCCI. Since, the
focus is to understand the ignition kinetics of the fuel, a
single zone, adiabatic, and well-mixed engine model as
implemented in Senkin (as used in [9]) is used for the
modeling. Since the model is adiabatic, absolute
comparison with the data is not possible. However, the
constant heat losses with changes in equivalence ratio (due

to 19/1 firing method) in the experiments make the
qualitative comparison possible. There are three types of
data used to compare with model predictions, described
below.

(1) Combustion phasing vs. fuel equivalence ratio

Combustion phasing in the HCCI engine changes
with a change in the fuel/air equivalence ratio. Dec and
Sjoberg [9] measured the crank angle (°CA) for 10% of
cumulative heat release (also referred to as 10% burn) at
different equivalence ratios at 1200 rpm and constant
intake pressure of 100 kPa and temperature of 409K. For a
comparison of the modeling calculations with the
experiments, the bottom dead temperature (Tppc) in the
model was adjusted to match the experimental 10%-burn
phasing at an equivalence ratio of 0.16 for all three
surrogate-fuel mixtures. This Tgpc was then kept constant
for all other ¢ in the calculations for that surrogate-fuel
mixture. The comparison of the data and predictions for all
surrogate mixtures is shown in Fig. 1.

As seen in the figure, the data show about 1 °CA
delay in the 10%-burn phasing as ¢ is increased from 0.08
to 0.3. The predictions using the Mixture 1 and 2 are very
similar to each other. The predictions for the Mixture 3 are
in slightly better agreement with the data. At first, the
behavior in Fig. 1 seems unexpected. As the fuel becomes
more fuel-rich, the volumetric heat release increases, the



peak cylinder temperature rises, and the combustion rate
after autoignition will be faster. This would tend to shift
the 50%-burn point earlier in the cycle. However, the
autoignition characteristics of the fuel/air mixture are not
necessarily affected in the same manner. Fig. 1 shows that
the phasing of the 10% burn point is retarded as the
mixture becomes more fuel-rich. At this low burn point,
the autoignition processes are dominant, and the increase
heating value of the fuel has little effect. Thus, the
enhancement of the autoignition with ¢ is not sufficient to
compensate for the reduced compressional heating due to
the decrease in specific heat ratio (y = C,/C,) from

increased fuel loading. The model captures this
experimental observation.
358.0
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Fig. 1. Comparison of the predicted and measured crank
angle for 10% burn at different equivalence ratios at
constant intake pressure of 100 kPa and temperature. For
qualitative comparison, Tgpc in modeling is adjusted to
match that measured at ¢ of 0.16.

(2) Change in Tgpc with intake pressure

The change in Tgpc was measured with the change in
intake pressures to maintain constant 50% burn point at the
top dead center (TDC). These measurements were
performed using a constant equivalence ratio of 0.2 at an
engine speed of 1200 rpm. Higher intake pressures (boost)
increase both the autoignition rate and the overall reaction
rate, and Tgpc needs to be lowered to maintain the 50%-
burn point at TDC (Fig. 2). At 1200 rpm, the experimental
data show an even sharper decrease in Tppc for intake
pressures above 170 kPa. This behavior is due to an
observed increase in low temperature heat release
(discussed later). The predictions show a smaller decrease
in Tgpc with increase in intake pressure than the
measurements. In addition, predictions do not capture the
more sharp decrease in Tgpc above 170 kPa due to low
temperature heat release. The predicted behavior has little
dependence on the choice of surrogate mixture.

Predictions for lower engine speed are also shown in
Fig. 2. We can see that the model predicts the more sharp
decrease in Tppc at boost pressures from 170 to 190 kPa at
600 rpm. This predicted behavior is more pronounced for
300 rpm engine speed. Therefore, the model does capture

the observed trend at lower engine speed where there is
more time for low temperature chemistry to occur.

° S'obe,“gha_nd Dec, 1200rpm
180 -+ Model, Mixture-1, 1200rpm
° — -Model, Mixture-2, 1200rpm
——Model, Mixture-3, 1200rpm
——Model, Mixture-3, 600rpm
——Model, Mixture-3, 300rpm

2
2120_ W

50% burn at TDC, Phi = 0.2

T T T

100 120 140 160 180
Intake Pressure [kPa]

40 60 80 200

Fig. 2. Comparison of the measured and predicted Tppc at
various intake pressures to maintain 50% burn at TDC for
speed of 1200 rpm. Predictions using Mixture 3 at lower
speeds of 600 rpm and 300 rpm are also shown.

(3) Heat release rate vs. crank angle

The heat release rate is shown as a function of crank
angle in Fig. 3. Heat release rate (Joule/Crank angle)
shows a large peak near TDC (for 50% burn at TDC). At
190 kPa intake pressure and 1200 rpm, gasoline shows low
temperature heat release (¢=0.2). We can see a small peak
near 346 °CA due to this early heat release. The
predictions are shown using Mixture 3 (Fig. 3a) and
Mixture 1 (Fig. 3b). We can see that the predictions
(labeled 1200 rpm) do not show the early heat release as
observed experimentally. But for lower engine speeds,
predictions using the Mixture 3 show early heat release
(Fig. 3a). The magnitude of this heat release rate is higher
for 300 rpm than that at 600 rpm. These observations are
also consistent with those seen for Tgpc vs. Py, (Fig. 2).
These predicted results show the sensitivity of the model to
engine speed.

As seen in Fig. 3b, the predicted early heat release
rate of Mixture 1 is smaller than that of Mixture 3, for 300
rpm case. This is due to the larger amount of n-heptane in
Mixture 3, a fuel component that exhibits higher low-
temperature (<1000 K) reactivity than the other
components. In addition, the predicted early heat release
rate shows sensitivity to the RO,e+HO, reactions. As seen
in Fig. 3b, the heat release rate is higher when the rate
coefficients are increased for these reactions by a factor of
two. These reactions produce ROOH species that
participate in chain branching at lower temperatures.
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Fig. 3. Comparison of the measure heat release rate as a
function of crank angle for 1200 rpm using gasoline to that
predicted using (a) the Mixture 3, and (b) the Mixture 1.
Predictions at lower engine speeds are also shown.

Results for MCH

Experimental data for neat MCH were obtained using
the HCCI engine. Fig. 4 shows comparison of the
predicted and measured change in bottom dead center
(Tgpc) with change in equivalence ratio to maintain the
50% burn point at the top dead center (TDC) at an intake
pressure of 100 kPa and 1200 rpm engine speed. Tgpc does
not change significantly with change in fuel loading and
our model captures this behavior of neat MCH. Since heat-
transfer effects are neglected and a single zone Senkin
program is used for modeling it is not possible to do
quantitative comparison. In general, the predicted Tppc
using the adiabatic model is approximately 15 °C higher
than that observed in the HCCI engine. This suggests that
the kinetics in the model are too slow. Fig. 5 shows a
comparison of the predicted and measured Tppc at different
boost pressures (P;,) to maintain 50% burn point at TDC at
an equivalence ratio of 0.2 and 1200 rpm engine speed.
The predicted decrease in Tgpc with increase in P;, for neat
MCH fuel is less than that observed in the engine. This
observation is similar to that seen in Fig. 2 for all surrogate
fuel mixtures regardless the amount of MCH in mixtures.

- ———— 59— ————-a ———
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Fig. 4. Comparison of predicted and measured Tgpc at
different equivalence ratios for neat MCH fuel to maintain
50% burn point at TDC at intake pressure of 100 kPa and
1200 rpm engine speed.

160

140 A
120 1
100 A
80 1

T(BDC) [°C]

60 1 — -Model

40 1 —e—Data
20 T T T T T

60 80 100 120 140 160 180
Pin [kPa]

Fig. 5. Comparison of predicted and measured Tgpc at
different intake pressures for neat MCH fuel to maintain
50% burn point at TDC at an equivalence ratio of 0.2 and
1200 rpm engine speed.

A possible explanation for the inability of the model
to accurately predict the pressure dependence of the
system is that the rate coefficients used are at their high-
pressure limit and described in modified Arrhenius form.
Rate constant for chemically and thermally activated
reactions of many smaller molecules are pressure
dependent and may not be at the high-pressure limit under
the conditions of HCCI engine (mainly at the beginning of
the cycle). Since the pressure is changing rapidly in the
engine, the pressure dependence of rate coefficients may
influence the predictions.

Shock Tube Comparisons

Gauthier et al. [11] measured ignition delay times of
surrogate fuel mixtures using reflected shocks. The
measurements were performed in the range of 850-1280K
and 15-60 atm. They used two surrogate mixtures of three
components  (Liquid  volume percent of iso-
octane/toluene/n-heptane: 63/20/17 for Surrogate A and
69/14/17 for Surrogate B). The current model was
validated against these ignition time data for both
surrogate mixtures. Shock program from Chemkin 3.6.2
[12] package was used for simulations. In Fig. 6, we show



the experimental data scaled to 55 atm using the measured
pressure dependence of P for the surrogate mixture A,
and P*® for the surrogate mixture B [11]. As seen in Fig.
6, the predicted ignition time captures the temperature
dependence of the ignition time. But the predicted ignition
kinetics are slightly slower than that observed
experimentally.
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Fig. 6. Comparison of the predictions to the measured
ignition time for surrogate fuel mixtures A and B
suggested by Gauthier et al. [11] (see text).

This observation is consistent with that seen earlier in
this paper that at higher intake pressures, the predicted
kinetics are slower than that experimentally observed in
the HCCI engine (i.e., a higher Tgpc was required for the
model to obtain the same 50% burn phasing).

Future work

The reactions that control the pressure dependence
observed in Figs. 2 and 5 need to be identified. Then the
rate constants and product channels of these reactions can
be further investigated and adjustments made. This may
lead to improved predictions by the model. It is important
to incorporate the pressure dependence of rate coefficients
for chemically activated reactions. Typically, near
atmospheric pressure, the rate constants for chemically
activated reactions of C; to C; hydrocarbons are in the
falloff region. [13]. These pressure dependent rate
coefficients can be represented using Chebyshev
polynomials [14] over broad range of temperatures and
pressures. This form for representing k(T,P) has also been
incorporated in Chemkin 3.6.2 software.

Another important step is to incorporate the heat
losses in the model. This will allow better quantitative
comparison with the experimental data.
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